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This invention provides an integrated tWo stage economical 
process for the production of vinyl acetate monomer (VAM) 
from acetic acid in the vapor phase. First, acetic acid is selec 
tively hydrogenated over a hydrogenating catalyst composi 
tion to form ethylene either in a single reactor Zone or in a dual 
rector Zone Wherein the intermediate hydrogenated products 
are either dehydrated and/or cracked to form ethylene. In a 
subsequent second stage so formed ethylene is reacted With 
molecular oxygen and acetic acid over a suitable catalyst to 
form VAM. In an embodiment of this invention reaction of 
acetic acid and hydrogen over a hydrogenation catalyst and 
subsequent reaction over a dehydration catalyst selectively 
produces ethylene, Which is further mixed With acetic acid 
and molecular oxygen and reacted over a supported palla 
dium/gold/potassium catalyst 
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INTEGRATED PROCESS FOR THE 
PRODUCTION OF VINYL ACETATE FROM 

ACETIC ACID VIA ETHYLENE 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to an inte 
grated process for the production of vinyl acetate monomer 
(VAM) from the reaction of acetic acid and ethylene. More 
speci?cally, the present invention relates to an integrated 
process in Which acetic acid is converted to ethylene in a ?rst 
reaction Zone With the ethylene further reacted With addi 
tional acetic acid in another reaction Zone to form VAM. The 
present invention also relates to an integrated process includ 
ing hydrogenating acetic acid utiliZing a ?rst catalyst com 
position in a ?rst reaction Zone and dehydrating or cracking 
hydrogenated intermediates With a second catalyst in a sec 
ond reaction Zone to form ethylene. The ethylene from the 
second reaction Zone is reacted With additional acetic acid in 
a third reaction Zone to produce VAM. 

BACKGROUND 

[0002] There is a long felt need for an economically viable 
process to manufacture VAM from acetic acid Without utiliZ 
ing independently sourced ethylene. VAM is an important 
monomer in the production of polyvinyl acetate and polyvi 
nyl alcohol products among other important uses. Due to 
?uctuating natural gas and crude oil prices contributing to 
variations in the cost of conventionally produced petroleum 
or natural gas-sourced ethylene, an important feedstock used 
in the manufacture of VAM, the need for alternative cost 
effective sources of ethylene in order to produce VAM 
becomes all the greater. 
[0003] It has noW been found that VAM can be produced 
Without utiliZing independently sourced ethylene. For 
example, it is Well knoWn that synthesis gas can be reduced to 
methanol, Which is in fact one preferred Way to manufacture 
methanol. Methanol thus formed can then be converted selec 
tively to acetic acid under catalytic carbonylation conditions 
Which is a preferred process for the manufacture of acetic 
acid. The acetic acid thus formed then can be selectively 
converted to ethylene under suitable catalytic conditions. 
Although there are no knoWn preferred processes for such a 
conversion, the prior art does provide certain processes for 
such a conversion of acetic acid to ethylene albeit at loW 
conversions and yields thus making it industrially unsuitable. 
[0004] For instance, it has been reported that ethylene can 
be produced from various ethyl esters in the gas phase in the 
temperature range of 150-3000 C. over Zeolite catalysts. The 
types of ethyl esters that can be employed include ethyl esters 
of formic acid, acetic acid and propionic acid. See, for 
example, US. Pat. No. 4,620,050 to Cognion et al., Where 
selectivity is reported to be acceptable. 
[0005] US. Pat. No. 4,270,015 to Knifton describes obtain 
ing ethylene involving a tWo-step process in Which a mixture 
of carbon monoxide and hydrogen (commonly knoWn as 
synthesis gas (syngas)) is reacted With a carboxylic acid con 
taining 2 to 4 carbon atoms to form the corresponding ethyl 
ester of said carboxylic acid Which is subsequently pyrolyZed 
in a quartz reactor at elevated temperatures in the range of 
about 2000 to 6000 C. to obtain ethylene. 

[0006] US. Pat. No. 4,399,305 to Schreck describes 
obtaining high purity ethylene from ethyl acetate employing 
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a cracking catalyst composed of a per?uorosulfonic acid resin 
commercially sold under the trademark NAFION® by El. 
DuPont de Nemours & Co. 
[0007] Once ethylene has been produced, further process 
ing With acetic acid is required for conversion to VAM as 
demonstrated in US. Pat. No. 6,696,596 to HerZog et al., 
incorporated herein by reference in its entirety, Which indi 
cates that it is Well knoWn to manufacture VAM in a reaction 
in the gas phase With acetic acid and oxygen or oxygen 
containing gasses over ?xed-bed catalysts. 
[0008] Additional examples of the manufacture of VAM 
from ethylene and acetic acid are set forth in US. Pat. No. 
6,040,474 to Jobson et al. Which describes the manufacture of 
acetic acid and/or vinyl acetate using tWo reaction Zones 
Wherein the ?rst reaction Zone comprises ethylene and/or 
ethane for oxidation to acetic acid With the second reaction 
Zone comprising acetic acid and ethylene With the product 
streams being subsequently separated thereby producing 
vinyl acetate. See US. Pat. No. 6,476,261 to Ellis et al. Which 
describes an oxidation process for the production of alkenes 
and carboxylic acids such as ethylene and acetic acid Which 
are reacted to form vinyl acetate demonstrating that more than 
one reaction Zone can be used to form the vinyl acetate. 

[0009] From the foregoing it is apparent that existing pro 
cesses do not have the requisite selectivity to ethylene nor 
does the existing art indicate starting materials other than 
acetic acid Which are expensive and/or intended to produce 
products other than ethylene. 
[001 0] The present invention utilizes ethylene derived from 
acetic acid to make VAM in an integrated process, providing 
alternate synthetic routes Which may be utiliZed for more cost 
effective production. 

SUMMARY OF THE INVENTION 

[0011] It has noW been unexpectedly found that VAM can 
be produced on an industrial scale involving an integrated 
process by Which ethylene is produced from acetic acid With 
high selectivity and yield, Which is converted to VAM in a 
subsequent step. VAM formation is referred to as “stage 2” 
beloW for convenience, While ethylene production is referred 
to as “stage l”. Each of these stages, especially stage 1 can be 
carried out in more than one reactor, if so desired, as Will 
become apparent from the discussion Which folloWs. 
[0012] With high selectivity and yield it is noW possible to 
produce VAM economically in tWo stages from acetic acid as 
the only C2 feedstock. Accordingly, in one embodiment of the 
present invention there is provided an integrated process in 
Which acetic acid is directly converted to ethylene in a single 
reaction Zone With the ethylene further reacted With addi 
tional acetic acid in another reaction Zone to form VAM. In 
another embodiment of the present invention there is also 
provided an integrated process including hydrogenating ace 
tic acid utiliZing a ?rst catalyst composition in a ?rst reaction 
Zone and dehydrating or cracking hydrogenated intermedi 
ates With a second catalyst in a second reaction Zone to form 
ethylene With high selectivity, then reacting the ethylene in 
third reaction Zone With acetic acid to produce VAM. 

DETAILED DESCRIPTION OF INVENTION 

[0013] The invention is described in detail beloW With ref 
erence to numerous embodiments for purposes of exempli? 
cation and illustration only. Modi?cations to particular 
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embodiments Within the spirit and scope of the present inven 
tion, set forth in the appended claims, Will be readily apparent 
to those of skill in the art. 

[0014] Unless more speci?cally de?ned below, terminol 
ogy as used herein is given its ordinary meaning. % and like 
terms refer to mole percent unless otherWise indicated. 

[0015] “Conversion” is expressed as a mole percentage 
based on acetic acid in the feed. The conversion of acetic acid 
(AcOH) is calculated from gas chromatography (GC) data 
using the folloWing equation: 

rnmol AcOH in (feed stream) — 

rnmol AcOH out (GC) 
A OH ‘ ‘7 = 100 i 
c converslon ( 0) * mmol AcOH in (feed Stream) 

[0016] “Selectivity” is expressed as a mole percent based 
on converted acetic acid. For example, if the conversion is 50 
mole % and 50 mole % of the converted acetic acid is con 
verted to ethylene, We refer to the ethylene selectivity as 50%. 
Selectivity is calculated from gas chromatography (GC) data 
as folloWs: 

mmol Ethylene out (GC) 
Total rnmol C out (GC) 

f _ 

rnmol AcOH out (GC) 

Ethylene Selectivity, % = 100 * 

Stage 1. Formation of Ethylene from Acetic Acid 

[0017] For purposes of convenience, We refer herein to the 
formation of ethylene from acetic acid as “stage l” of the 
inventive process Whether this aspect of the process takes 
place in one reaction Zone or a series of reaction Zones as 

described herein. 

[0018] Without intending to be bound by theory, it is 
believed the conversion of acetic acid to ethylene in accor 
dance With the stage 1 of the process of this invention pro 
ceeds in accordance With one or more of the folloWing chemi 
cal equations: 

Step la: Hydrogenation of Acetic Acid to Ethylene. 

[0019] 

Step lb: Hydrogenation of Acetic Acid to Ethanol. 

[0020] 
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Step lc: Hydrogenation of Acetic Acid to Ethyl Acetate. 

[0021] 

O 

r 2 —> 

Step 2a: Cracking of Ethyl Acetate to Ethylene and Acetic 
Acid. 

[0022] 

Step 2b: Dehydration of Ethanol to Ethylene. 

[0023] 

Step c: Oxidative Addition of Acetic Acid to Ethylene to Form 
VAM 

[0024] 

O 

i + 1/2 02 + H3c=cH2 _> 
H3c oH 

O 

Cl 161 + H2O 
CH3/ \o/ §cH2 

[0025] In accordance With one embodiment of the present 
invention regarding making ethylene for further conversion to 
VAM, conversion of acetic acid to ethylene is carried out in a 
single reaction Zone Which may be a single ?xed bed, for 
example. The ?xed bed can comprise a mixture of different 
catalyst particles or catalyst particles Which include multiple 
catalysts. Typically, at least a hydrogenating catalyst is 
included in the reaction Zone and optionally there is included 
a dehydrating and/or cracking catalyst as Well. 
[0026] Various hydrogenating catalysts knoWn to one 
skilled in the art can be employed in hydrogenating acetic 
acid to ethanol in the ?rst step of the process of this invention. 
The hydrogenating catalysts that are suitable are the ones 
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Which are metal catalysts on a suitable support. As noted 
earlier, the following catalysts may be mentioned Without any 
limitation: copper, cobalt, ruthenium, nickel, aluminum, 
chromium, Zinc, palladium and a mixture thereof. Typically, 
a single metal, a bimetallic catalyst or a trimetallic catalyst on 
a suitable support can be used as a hydrogenating catalyst. 
Thus either copper alone or in combination With aluminum, 
chromium or Zinc are particularly preferred. Similarly, cobalt 
alone or in combination With ruthenium is preferred. 
Examples of additional metals that can be used With cobalt as 
a second or third metal include Without any limitation the 
following: platinum, palladium, rhodium, rhenium, iridium, 
chromium, copper, tin, molybdenum, tungsten and vana 
dium. 
[0027] Various catalyst supports knoWn in the art can be 
used to support the catalysts of this invention. Examples of 
such supports include Without any limitation, Zeolite, iron 
oxide, silica, alumina, titania, Zirconia, magnesium oxide, 
calcium silicate, carbon, graphite and a mixture thereof. Pre 
ferred supports are H-ZSM-5, iron oxide, silica, calcium sili 
cate, carbon or graphite. It is also important to note that the 
higher the purity of silica the better it is preferred as a support 
in this invention. 
[0028] Speci?c examples of supported hydrogenating cata 
lysts include Zeolite, such as H-ZSM-5, iron oxide, silica, 
alumina, titania, Zirconia, magnesium oxide, calcium silicate, 
carbon, graphite and a mixture thereof. Particularly, as noted 
above, copper supported on iron oxide, copper-aluminum 
catalyst, cobalt supported on H-ZSM-5, a bimetallic catalyst 
ruthenium-cobalt supported on silica, cobalt supported on 
carbon are preferred. 
[0029] A feW of the commercially available catalysts 
include the folloWing: copper-aluminum catalyst sold under 
the name of T-4489 by Sud Chemie; copper-Zinc catalysts 
sold under the name of T-2130, T-4427 and T-4492; copper 
chromium catalysts sold under the name of T-4419 and 
G-99B; and nickel catalysts sold under the name of NiSAT 
310, C47-7-04, G-49, and G-69; all sold by Sud Chemie. 
Copper-aluminum catalyst sold under the name of T-4489 is 
particularly preferred. 
[0030] The amount of metal loading on a support is not very 
critical in this invention and can vary in the range of about 3 
Weight percent to about 10 Weight percent. A metal loading of 
about 4 Weight percent to about 6 Weight percent based on the 
Weight of the support is particularly preferred. Thus for 
example, 4 to 6 Weight percent of copper supported on iron 
oxide is particularly a preferred catalyst. 
[0031] The metal impregnation canbe carried out using any 
of the knoWn methods in the art. Typically, before impregna 
tion the supports are dried at 120° C. and shaped to particles 
having siZe distribution in the range of about 0.2 to 0.4 mm. 
Optionally the supports may be pressed, crushed and sieved to 
a desired siZe distribution. Any of the knoWn methods to 
shape the support materials into desired siZe distribution can 
be employed. 
[0032] For supports having loW surface area, such as for 
example alpha-alumina or iron oxide, the metal solutions are 
added in excess until complete Wetness or excess liquid 
impregnation so as to obtain desirable metal loadings. 
[0033] As noted above, a feW of the hydrogenating catalysts 
are bimetallic. Generally, in such cases, one metal acts as a 
promoter metal and the other metal is the main metal. For 
instance copper, nickel, cobalt and iron are considered to be 
main metals for preparing hydrogenating catalysts of this 
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invention. The main metal can be combined With a promoter 
metal such as tungsten, vanadium, molybdenum, chromium 
or Zinc. HoWever, it should be noted that sometimes main 
metal can also act as a promoter metal or vice versa. For 

example, nickel can be used as a promoter metal When iron is 
used as a main metal. Similarly, chromium can be used as a 
main metal in conjunction With copper (i.e., Cu4Cr as main 
bimetallic metals), Which can further be combined With pro 
moter metals such as cerium, magnesium or Zinc. 
[0034] The bimetallic catalysts are generally impregnated 
in tWo steps. First, the “promoter” metal is added, folloWed by 
“main” metal. Each impregnation step is folloWed by drying 
and calcination. The bimetallic catalysts may also be pre 
pared by co-impregnation. In the case of trimetallic Cu/Cr 
containing catalysts as described above, a sequential impreg 
nation may be used, starting With the addition of the 
“promoter” metal. The second impregnation step may involve 
co-impregnation of the tWo principal metals, i.e., Cu and Cr. 
For example, Cu4Cr4Ce on SiO2 may be prepared by a ?rst 
impregnation of cerium nitrate, folloWed by the co-impreg 
nation of copper and chromium nitrates. Again, each impreg 
nation is folloWed by drying and calcinations. In most cases, 
the impregnation may be carried out using metal nitrate solu 
tions. HoWever, various other soluble salts Which upon calci 
nation releases metal ions can also be used. Examples of other 
suitable metal salts for impregnation include metal hydrox 
ide, metal oxide, metal acetate, ammonium metal oxide, such 
as ammonium heptamolybdate hexahydrate, metal acids, 
such as perrhenic acid solution, metal oxalate, and the like. 
[0035] As already noted above, any of the knoWn Zeolites 
can be used as support catalysts. A Wide variety of Zeolite 
catalysts are knoWn in the art including synthetic as Well as 
natural, all of Which can be used as support catalysts in this 
invention. More particularly, any Zeolite having a pore diam 
eter of at least about 0.6 nm can be used, preferably employed 
among such Zeolites are the catalysts selected from the group 
consisting of mordenites, ZSM-S, a Zeolite X and a ZeoliteY. 
[0036] The preparation of large-pore mordenites is 
described, for example, in US. Pat. No. 4,018,514 to Plum 
mer and in M01. Sieves. Pap. Conf., 1967, 78, Soc. Chem. lnd. 
London, by D. DOMINE and J. QUOBEX. 
[0037] Zeolite X is described, for example, US. Pat. No. 
2,882,244 to Mllton and ZeoliteY in US. Pat. No. 3,130,007 
to Breck. 

[0038] Various Zeolites and Zeolite-type materials are 
knoWn in the art for the catalysis of chemical reactions. For 
example, US. Pat. No. 3,702,886, to Argauer, discloses a 
class of synthetic Zeolites, characterized as “Zeolite ZSM-S”, 
Which are effective for the catalysis of various hydrocarbon 
conversion processes. 
[0039] The Zeolites suitable for the procedure of the inven 
tion can be in the basic form, in the partially or totally acidi 
?ed form, or in the partially dealuminated form. 
[0040] In another aspect, any knoWn dehydration catalysts 
can be employed in the reaction Zone of the process of this 
invention. Typically, a Zeolite catalyst is employed as a dehy 
dration catalyst and may support a dehydrogenating catalyst. 
While any Zeolite having a pore diameter of at least about 0.6 
nm can be used, preferably employed among such Zeolites are 
the dehydration catalyst selected from the group consisting of 
mordenites, ZSM-S, a Zeolite X and a ZeoliteY. 
[0041] An active dehydrating catalyst, characterized as 
“H-ZSM-S” or “H-mordenite” Zeolites are prepared from a 
corresponding “ZSM-5” zeolite or “mordenite” Zeolite by 
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replacing most, and generally at least about 80% of the cat 
ions of the latter Zeolite With hydrogen ions using techniques 
Well-knoWn in the art. H-mordenite Zeolite, for example, Was 
prepared by calcination of ammonium form mordenite at 
500-550° C. for 4-8 hours. If the sodium form of mordenite is 
used as a precursor, the sodium mordenite is ion-exchanged to 
ammonium form prior to calcination. 
[0042] These Zeolite catalysts are essentially crystalline 
aluminosilicates or in the neutral form a combination of silica 
and alumina in a Well de?ned crystalline structure. In a par 
ticularly preferred class of Zeolite catalysts for purposes of 
the present invention, the molar ratio of SiO2 to A1203 in these 
Zeolites is Within the ratio of about 10 to 60. 
[0043] As noted earlier, ethylene is produced by dehydra 
tion as Well as the decomposition or “cracking” of ethyl 
acetate to ethylene and acetic acid. This may simply occur as 
thermal cracking at elevated temperatures or may be a cata 
lyZed reaction if so desired, utiliZing a cracking catalyst. 
Suitable cracking catalysts include sulfonic acid resins such 
as per?uorosulfonic acid resins disclosed in Us. Pat. No. 
4,399,305 to Schreck noted above, the disclosure of Which is 
incorporated by reference. Zeolites are also suitable as crack 
ing catalysts as noted in Us. Pat. No. 4,620,050 to Cognion 
et al., the disclosure of Which is also incorporated by refer 
ence. Thus, a Zeolite catalyst may be used to concurrently 
dehydrate ethanol to ethylene and decompose ethyl acetate to 
ethylene in a highly ef?cient process of the invention. 
[0044] Selectivities of acetic acid to ethylene are suitably 
more than 10% and more such as at least 20%, at or least 25% 
or so up to about 40% in typical cases. Depending on the 
by-product mix, it may be desirable to operate at intermediate 
selectivities, and recirculate products such as acetaldehyde 
for further hydro genating and dehydration provided selectiv 
ity to undesirable products such as CO2 remains loW. 
[0045] Preferably, for the purposes of the process of this 
invention, the suitable hydrogenating catalyst is either copper 
on iron oxide or copper-aluminum catalyst, sold under the 
tradename of T-4489 by Sud Chemie, cobalt supported on 
H-ZSM-5, a bimetallic catalyst, ruthenium and cobalt sup 
ported on silica, and cobalt supported on carbon. In this 
embodiment of the process of this invention, the copper load 
ing on the iron oxide support or in the bimetallic copper 
aluminum catalyst is typically in the range of about 3 Weight 
percent to about 10 Weight percent, preferably it is in the 
range of about 4 Weight percent to about 6 Weight percent. 
Similarly, the loading of cobalt on H-ZSM-5 or silica or 
carbon is typically around 5 Weight percent. The amount of 
ruthenium in the bimetallic catalyst is also around 5 Weight 
percent. 
[0046] In addition, the acetic acid hydrogenation and dehy 
dration are carried out at a pressure just su?icient to overcome 
the pressure drop across the catalytic bed. 
[0047] The reaction may be carried out in the vapor or 
liquid state under a Wide variety of conditions. Preferably, the 
reaction is carried out in the vapor phase. Reaction tempera 
tures may be employed, for example in the range of about 
200° C. to about 375° C., preferably about 250° C. to about 
350° C. The pressure is generally uncritical to the reaction 
and subatmospheric, atmospheric or superatmospheric pres 
sures may be employed. In most cases, hoWever, the pressure 
of the reaction Will be in the range of about 1 to 30 atmo 
spheres absolute. 
[0048] Although the reaction consumes tWo moles of 
hydrogen per mole of acetic acid to produce a mole of ethyl 
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ene, the actual molar ratio of acetic acid to hydrogen in the 
feed stream may be varied betWeen Wide limits, eg from 
about 100:1 to 1:100. It is preferred hoWever that such ratio be 
in the range of about 1:20 to 1:2. 
[0049] It is Well knoWn to produce acetic acid through 
methanol carbonylation, acetaldehyde oxidation, ethylene 
oxidation, oxidative fermentation, and anaerobic fermenta 
tion and so forth. As petroleum and natural gas have become 
more expensive, methods for producing acetic acid and inter 
mediates such as methanol and carbon monoxide from alter 
nate carbon sources have draWn more interest. 

[0050] Of particular interest is the production of acetic acid 
from synthesis gas (syngas) that may be derived from any 
suitable carbon source. U.S. Pat. No. 6,232,352 to Vidalin, the 
disclosure of Which is incorporated herein by reference, for 
example, teaches a method of retro?tting a methanol plant for 
the manufacture of acetic acid. By retro?tting a methanol 
plant the large capital costs associated With CO generation for 
a neW acetic acid plant are signi?cantly reduced or largely 
eliminated. All or part of the syngas is diverted from the 
methanol synthesis loop and supplied to a separator unit to 
recover CO and hydrogen, Which are then used to produce 
acetic acid. In addition to acetic acid, the process can also be 
used to make hydrogen Which is utiliZed in connection With 
this invention. 
[0051] Us. Pat. No. RE 35,377 to Steinberg et al., also 
incorporated herein by reference, provides a method for the 
production of methanol by conversion of carbonaceous mate 
rials such as oil, coal, natural gas and biomass materials. The 
process includes hydrogasi?cation of solid and/ or liquid car 
bonaceous materials to obtain a process gas Which is steam 
pyroliZed With additional natural gas to form synthesis gas. 
The syngas is converted to methanol Which may be carbony 
lated to acetic acid. The method likeWise produces hydrogen 
Which may be used in connection With this invention as noted 
above. See also, U.S. Pat. No. 5,821,1 11 to Grady et al., Which 
discloses a process for converting Waste biomass through 
gasi?cation into synthesis gas as Well as U.S. Pat. No. 6,685, 
754 to Kindig et al., the disclosures of Which are incorporated 
herein by reference. 
[0052] The acetic acid may be vaporiZed at the reaction 
temperature, and then it can be fed along With hydrogen in an 
undiluted state or diluted state With a relatively inert carrier 
gas, such as nitrogen, argon, helium, carbon dioxide and the 
like. 
[0053] Alternatively, acetic acid in vapor form may be 
taken directly as crude product from the ?ash vessel of a 
methanol carbonylation unit of the class described in Us. 
Pat. No. 6,657,078 to Scates et al., the disclosure ofWhich is 
incorporated by reference. The crude vapor product may be 
fed directly to the reaction Zones of the present invention 
Without the need for condensing the acetic acid and light ends 
or removing Water, saving overall processing costs. 
[0054] Contact or residence time can also vary Widely, 
depending upon such variables as the amount of acetic acid, 
catalyst, reactor, temperature and pressure. Typical contact 
times range from a fraction of a second to more than several 
hours When a catalyst system other than a ?xed bed is used, 
With preferred contact times, at least for vapor phase reac 
tions, betWeen about 0.5 and 100 seconds. 
[0055] Typically, the catalyst is employed in a ?xed bed 
reactor e. g. in the shape of an elongatedpipe or tube Where the 
reactants, typically in the vapor form, are passed over or 
through the catalyst. Other reactors, such as ?uid or ebullient 
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bed reactors, can be employed, if desired. In some instances, 
it is advantageous to use the catalyst bed in conjunction With 
an inert material such as glass Wool to regulate the pressure 
drop of the reactant stream through the catalyst bed and the 
contact time of the reactant compounds With the catalyst 
particles. 
[0056] In one of the examples there is provided a process 
for selective formation of ethylene from acetic acid compris 
ing: contacting a feed stream of acetic acid and hydrogen at a 
temperature in the range of about 2500 C. to 3500 C. With a 
catalyst chosen from copper supported on iron oxide, copper 
aluminum catalyst, cobalt supported on H-ZSM-5, ruthe 
nium-cobalt supported on silica or cobalt supported on car 
bon to form ethylene. 

[0057] In one of the examples, the preferred catalyst is 5 
Weight percent copper on iron oxide, 5 Weight percent cobalt 
on H-ZSM-5, 5 Weight percent cobalt and 5 Weight percent 
ruthenium on silica or 5 Weight percent cobalt on carbon. In 
this embodiment of the process of this invention it is preferred 
that the reaction is carried out in the vapor phase in a tubular 
reactor packed With the catalyst bed and at a temperature in 
the range of about 2500 C. to 3500 C. and at a pressure in the 
range of about 1 to 30 atmospheres absolute, and the contact 
time of reactants is in the range of about 0.5 and 100 seconds. 

Stage 2. Formation ofVAM from the Gaseous Product Stream 
Containing Ethylene and Additional Amounts of Acetic Acid 
[0058] As noted earlier, for purposes of convenience We 
refer to the reaction of the ethylene formed in stage 1 With 
additional acetic acid and oxygen to form VAM as “stage 2” 
of the inventive process herein, Whether or not more than 2 
speci?c process steps are involved in the conversion. 

[0059] In a second (or third depending upon the process 
parameters used for the formation of product stream contain 
ing ethylene) reactor Zone the gaseous product stream from 
the hydrogenating reactor is contacted further With a catalyst 
and a second feed containing molecular oxygen and addi 
tional amounts of acetic acid. It is preferable that equal mole 
ratios of ethylene and acetic acid are fed into this reactor Zone. 

[0060] Any of the knoWn catalysts for oxidative reaction of 
ethylene With acetic acid to form VAM can be employed in 
stage 2 of the process of this invention, for example, as 
described in GB 1 559 540, U.S. Pat. Nos. 5,185,308; 5,691, 
267; 6,114,571; and WO 99/08791 the equivalent to Us. Pat. 
No. 6,603,038. EP-A 0 330 853 describes impregnated cata 
lysts for the production of VAM containing palladium, potas 
sium, manganese and cadmium as additional promoter 
instead of gold. See also, U.S. Pat. No. 6,852,877. All ofthe 
references mentioned immediately above are incorporated 
herein by reference in their entirety as relating to forming 
VAM from ethylene, acetic acid and oxygen. 
[0061] GB 1 559 540 describes suitable catalysts that can 
be employed in the preparation of VAM by the reaction of 
ethylene, acetic acid and oxygen, as used in step (d) of the 
process of this invention. The catalyst is comprised of: (1) a 
catalyst support having a particle diameter of from 3 to 7 mm 
and a pore volume of from about 0.2 to 1.5 ml/g, a 10% by 
Weight Water suspension of the catalyst support having a pH 
from about 3.0 to 9.0, (2) a palladium-gold alloy distributed in 
a surface layer of the catalyst support, the surface layer 
extending less than 0.5 mm from the surface of the support, 
the palladium in the alloy being present in an amount of from 
about 1.5 to 5.0 grams per liter of catalyst, and the gold being 
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present in an amount of from about 0.5 to 2.25 grams per liter 
of catalyst, and (3) from 5 to 60 grams per liter of catalyst of 
alkali metal acetate. 

[0062] Us. Pat. No. 5,185,308 to Bartley et al. describes a 
shell impregnated catalyst active for the production of VAM 
from ethylene, acetic acid and an oxygen containing gas, the 
catalyst consisting essentially of (1) a catalyst support having 
a particle diameter from about 3 to about 7 mm and a pore 
volume of 0.2 to 1.5 ml per gram, (2) palladium and gold 
distributed in the outermost 1 .0 mm thick layer of the catalyst 
support particles, and (3) from about 3.5 to about 9.5% by 
Weight of potassium acetate Wherein the gold to palladium 
Weight ratio in said catalyst is in the range 0.6 to 1.25. 

[0063] Us. Pat. No. 5,691,267 to Nicolau et al. describes a 
tWo step gold addition method for a catalyst used in the gas 
phase formation of VAM from the reaction of ethylene, oxy 
gen, and acetic acid. The catalyst is formed by (1) impregnat 
ing a catalyst carrier With aqueous solutions of a Water 
soluble palladium salt and a ?rst amount of a Water-soluble 
gold compound such as sodium-palladium chloride and auric 
chloride, (2) ?xing the precious metals on the carrier by 
precipitating the Water-insoluble palladium and gold com 
pounds by treatment of the impregnated carriers With a reac 
tive basic solution such as aqueous sodium hydroxide Which 
reacts With the palladium and gold compounds to form 
hydroxides of palladium and gold on the carrier surface, (3) 
Washing With Water to remove the chloride ion (or other 
anion), and (4) reducing all the precious metal hydroxides to 
free palladium and gold, Wherein the improvement comprises 
(5) impregnating the carrier With a second amount of a Water 
soluble gold compound subsequent to ?xing a ?rst amount of 
Water-soluble gold agent, and (6) ?xing the second amount of 
a Water-soluble gold compound. 
[0064] Us. Pat. No. 6,114,571 to Abel et al. describes a 
catalyst for forming vinyl acetate in the gas phase from eth 
ylene, acetic acid, and oxygen or oxygen-containing gases 
Wherein the catalyst is comprised of palladium, gold, boron, 
and alkali metal compounds on a support. The catalyst is 
prepared by a) impregnating the support With soluble palla 
dium and gold compounds; b) converting the soluble palla 
dium and gold compounds on the support into insoluble com 
pounds by means of an alkaline solution; c) reducing the 
insoluble palladium and gold compounds on the support by 
means of a reducing agent in the liquid phase; d) Washing and 
subsequently drying the support; e) impregnating the support 
With a soluble alkali metal compound; and f) ?nally drying 
the support at a maximum of 1500 c., Wherein boron or boron 
compounds are applied to the catalyst prior to the ?nal drying. 
[0065] WO 99/08791, the equivalent to Us. Pat. No. 6,603, 
038 to Hagemeyer et al., describes a method for producing 
catalysts containing metal nanoparticles on a porous support, 
especially for gas phase oxidation of ethylene and acetic acid 
to form VAM. The invention relates to a method for producing 
a catalyst containing one or several metals from the group of 
metals comprising the sub-groups Ib and VIIb of the periodic 
table on porous support particles, characterized by a ?rst step 
in Which one or several precursors from the group of com 
pounds of metals from sub-groups Ib andVIIb of the periodic 
table is or are applied to a porous support, and a second step 
in Which the porous, preferably nanoporous support to Which 
at least one precursor has been applied is treated With at least 
one reduction agent, to obtain the metal nanoparticles pro 
duced in situ in the pores of said support. 
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[0066] Typically, VAM formation of the process of the 
present invention is carried out heterogeneously With the 
reactants being present in the gas phase. 
[0067] The molecular oxygen-containing gas used in for 
mation of VAM in the process of the present invention may 
comprise other inert gases such as nitrogen. Preferably 
molecular oxygen used in forming VAM is air. 
[0068] Stage 2 of the process of the present invention may 
suitably be carried out at a temperature in the range of from 
about 140° C. to 220° C. Stage 2 ofthe process ofthe present 
invention may suitably be carried out at a pres sure in the range 
of from about 1 to 100 atmospheres absolute. Stage 2 of the 
process of the present invention can be carried out in any 
suitable reactor design capable of removing the heat of reac 
tion in an appropriate Way; preferred technical solutions are 
?xed or ?uidized bed reactors as described herein. 

[0069] Acetic acid conversions in the range of about 5 to 
50% may be achieved in stage 2 of the process of the present 
invention. Oxygen conversions in the range of about 20 to 
100% may be achieved in stage 2 of the present invention. In 
stage 2 of the process of the present invention, the catalyst 
suitably has a productivity (space time yield, STY) in the 
range of about 100 to 2000 grams of vinyl acetate per hour per 
liter of catalyst, but >10000 grams of vinyl acetate per hour 
per liter of catalyst is also suitable. 
[0070] As already noted above, the gaseous product stream 
from stage 2 of the process comprises VAM and Water and 
optionally also unreacted acetic acid, ethylene, ethyl acetate, 
ethane, nitrogen, carbon monoxide, carbon dioxide and pos 
sibly traces of other byproducts. lnterrnediate betWeen stage 
2 andVAM separation step of the process of the invention it is 
preferred to remove ethylene, and ethane, carbon monoxide 
and carbon dioxide, if any, from the product stream, suitably 
as an overhead gaseous fraction from a scrubbing column, in 
Which a liquid fraction comprising vinyl acetate, Water and 
acetic acid is removed from the base. 

[0071] The product stream from stage 2 comprising VAM, 
Water and acetic acid, With or Without the intermediate scrub 
bing step, is separated in the ?nal step by distillation into an 
overhead aZeotrope fraction comprising vinyl acetate and 
Water and a base fraction comprising acetic acid. 

[0072] VAM is recovered from the aZeotrope fraction sepa 
rated in stage 2 process step of the invention, suitably for 
example by decantation. The recovered VAM may, if desired, 
be further puri?ed in knoWn manner. The base fraction com 
prising acetic acid separated in stage 2 is preferably recycled, 
With or preferably Without further puri?cation, to stage 1 or, if 
desired, to stage 2 of the process. 
[0073] The folloWing examples describe the procedures 
used for the preparation of various catalysts employed in the 
process of this invention. 

EXAMPLE A 

Preparation of 5 Weight Percent Copper on Iron 
Oxide 

[0074] PoWdered and meshed iron oxide (95 g) of uniform 
particle siZe distribution of about 0.2 mm Was dried at 120° C. 
in an oven under nitrogen atmosphere overnight and then 
cooled to room temperature. To this Was added a solution of 
copper nitrate (17 g) in distilled Water (100 ml). The resulting 
slurry Was dried in an oven gradually heated to 110° C. (>2 
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hours, 10° C./min.). The impregnated catalyst mixture Was 
then calcined at 500° C. (6 hours, 1° C./min). 

EXAMPLE B 

Preparation of H-Mordenite Zeolite 

[0075] H-Mordenite Zeolite Was prepared by calcination of 
ammonium form Mordenite at 500-550° C. for 4-8 hours. If 
the sodium form of Mordenite is used as a precursor, the 
sodium Mordenite is ion-exchanged to ammonium form prior 
to calcination. 

EXAMPLE C 

Preparation of 5 Weight Percent Cobalt on H-ZSM-5 

[0076] ExampleA is substantially repeated With the excep 
tion of using appropriate amount of cobalt nitrate hexahy 
drate as the metal salt and H-ZSM-5 as the support catalyst to 
prepare 5 Weight percent cobalt supported on H-ZSM-5. 

EXAMPLE D 

Preparation of 5 Weight Percent Cobalt and 5 Weight 
Percent Ruthenium on Silica 

[0077] ExampleA is substantially repeated With the excep 
tion of using appropriate amounts of cobalt nitrate hexahy 
drate and ruthenium nitrosyl nitrate as the metal salts and 
silica as the support catalyst to prepare 5 Weight percent 
cobalt and 5 Weight percent ruthenium supported on silica. 

EXAMPLE E 

Preparation of 5 Weight Percent Cobalt on Carbon 

[0078] ExampleA is substantially repeated With the excep 
tion of using appropriate amount of cobalt nitrate hexahy 
drate as the metal salt and carbon as the support catalyst to 
prepare 5 Weight percent cobalt supported on carbon. 

EXAMPLE F 

[0079] K, Pd, Au/TiO2 catalyst for converting ethylene, 
acetic acid and oxygen to VAM is prepared generally as 
folloWs: 

[0080] 2.11 g palladium acetate (Aldrich) and 1.32 g gold 
acetate is dissolved in 30 ml acetic acid. The preparation of 
the employed gold acetate is described e.g., in US. Pat. No. 
4,933,204 to Warren, Jr. et al. 100 ml TiO2 support (P25 
pellets, Degussa, Hanau) are added to the palladium and gold 
acetate solution. Then, the majority of acetic acid is evapo 
rated using a rotary evaporator at 70° C., folloWed by evapo 
rating the rest using an oil pump at 60° C. and ?nally in a 
vacuum drying cabinet at 60° C. for 14 h. 

[0081] The resulting pellets are reduced With a gas mixture 
of 10 vol % hydrogen in nitrogen, While passing the gas (40 
l/h) directly through the pellets at 500° C. and 1 bar for 1 h. 
For loading With potassium ions, the reduced pellets are 
added to a solution containing 4 g potassium acetate in 30 ml 
of Water, for 15 minutes in a mixing apparatus. 
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[0082] Then, the solvent is evaporated using a rotary evapo 
rator. The pellets are dried at 100° C. for 14 h. 

EXAMPLE G 

Preparation of Pd and Au 

[0083] A vinyl acetate catalyst containing Pd and Au for 
converting a stream of gas containing ethylene, oxygen or air, 
and acetic acid into VAM is prepared generally as folloWs: 
[0084] the catalyst is prepared on spherical silica supports 
With diameters of about 5 mm (SudChemie). The silica sup 
ports are impregnated With an aqueous solution containing 
sodium palladium tetrachlorate and sodium tetracholroaurate 
in su?icient amounts such that the catalysts Would have about 
7 gm/l of palladium metal and about 7 gm/l of gold metal 
each. 
[0085] After impregnation, the carrier is placed in a roto 
evaporator, Without vacuum, and treated With 283 ml of a 50% 
W/W aqueous solution of sodium hydroxide. The supports are 
rotated at about 5 rpm for about 2.5 hours in a sodium hydrox 
ide solution at a temperature of 70° C. by rotation in a hot 
Water bath. The resulting catalysts are reduced in a gas blend 
of 5% ethylene in nitrogen for about 5 hours at a temperature 
of about 150° C. at a How rate of about 0.5 SCFH (standard 
cubic feet per hour) at atmospheric pressure to reduce the 
metal salts to metal. 
[0086] The catalysts are then impregnated again With an 
aqueous solution of sodium tetrachloroaurate and 1.65 gm of 
a 50% W/W aqueous sodium hydroxide ?xing solution. The 
resulting catalysts are reduced in a gas blend of 5% ethylene 
in nitrogen for about 5 hours at a temperature of about 150° C. 
at a How rate of about 0.5 SCFH (standard cubic feet per hour) 
at atmospheric pressure to reduce the gold salts to gold metal. 

EXAMPLE H 

Preparation of Pd, Au, and K 

[0087] A catalyst for preparing vinyl acetate in the gas 
phase from ethylene, acetic acid, and oxygen or oxygen 
containing gases Wherein the catalyst is prepared generally as 
folloWs: 
[0088] 250 ml of silicon dioxide catalyst sphere supports 
having a diameter of 7.3 mm (Sud Chemie) Were impregnated 
With 85 ml of an aqueous solution containing 4.6 g of 
Na2PdCl4 and 1.4 g of NaAuCl4. The precipitation of the 
insoluble metal compounds is achieved by the addition of 283 
ml of an aqueous solution of 17 g of borax. The vessel is then 
immediately rotated by means of a rotary evaporator Without 
vacuum, for 2.5 hours at 5 revolutions per minute (rpm). The 
reduction is achieved by the addition of 7 ml of hydraZine 
hydrate in 20 ml of Water and immediate rotation of the vessel 
at 5 rpm for 1 hour. 
[0089] The pellets thus obtained Were dried for 1 hour at 
1000 C. The reduced catalyst is impregnated With an aqueous 
solution containing 10 g of potassium acetate and having a 
volume corresponding to the absorption capacity of the dry 
support material. The catalyst is then dried again. 

EXAMPLE 1 

Preparation of Pd, Au, and B 

[0090] A catalyst containing nanosiZe metal particles on a 
porous support for the gas phase oxidation of ethylene and 
acetic acid to give vinyl acetate is prepared as folloWs: 
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[0091] 200 g of SiO2 supports (SiliperlAF125, Engelhard) 
having a BET surface area of 300 m2/ g Were sprayed discon 
tinuously at a temperature of 30-32° C. With a hydro-chloric 
acid solution of 3 .33 g (18.8 mmol) of palladium chloride and 
1.85 g (4.7 mmol) of auric acid in 500 ml of Water over a 
period of 35 minutes in a coating unit. 
[0092] The support spheres Were subsequently dried and 
sprayed With 20 g of tripotassium citrate hydrate dissolved in 
200 ml of Water over a period of 25 minutes. At a drum 
rotation speed of 10 rpm, spraying is carried out discontinu 
ously at 1 bar. The inlet temperature (Warm air temperature) is 
600 C. and the product temperature is 32-30° C. This gave a 
homogeneously impregnated coated catalyst having a shell 
thickness of 400 pm. The diameter of the nanosiZe particles is 
determined by means of TEM. The mean particle diameter is 
30 nm. 

[0093] Gas Chromatographic (GC) Analysis of the Prod 
ucts 

[0094] The analysis of the products is carried out by online 
GC. A three channel compact GC equipped With one ?ame 
ioniZation detector (FID) and 2 thermal conducting detectors 
(TCDs) is used to analyZe the reactants and products. The 
front channel Was equipped With an FID and a CP-Sil 5 (20 
m)+WaxFFap (5 m) column and Was used to quantify: 

[0095] Acetaldehyde 
[0096] Ethanol 
[0097] Acetone 
[0098] Methyl acetate 
[0099] Vinyl acetate 
[0100] Ethyl acetate 
[0101] Acetic acid 
[0102] Ethylene glycol diacetate 
[0103] Ethylene glycol 
[0104] Ethylidene Diacetate 
[0105] Paraldehyde 

[0106] The middle channel Was equipped With a TCD and 
Porabond Q column and Was used to quantify: 

[0107] C02 
[0108] Ethylene 
[0109] Ethane 

[0110] The back channel Was equipped With a TCD and 
Molsieve 5A column and Was used to quantify: 

[0111] Helium 
[0112] Hydrogen 
[0113] Nitrogen 
[0114] Methane 
[0115] Carbon monoxide 

[0116] Prior to reactions, the retention time of the different 
components Was determined by spiking With individual com 
pounds and the GCs Were calibrated either With a calibration 
gas of knoWn composition or With liquid solutions of knoWn 
compositions. This alloWed the determination of the response 
factors for the various components. 
[0117] Examples 1 and 2 illustrate the formation of ethyl 
ene in a dual reaction Zone using tWo catalysts, hydrogenation 
and dehydration catalysts, in the stage 1 of the process of this 
invention. 

EXAMPLE 1 

[0118] The catalysts utiliZed Were a copper on iron oxide 
catalyst, T-4489 purchased from Sud Chemie and an 
H-mordenite Zeolite prepared by replacing With hydrogen 
ions all but 500 ppm based on the Weight of the Zeolite of the 
sodium ions in a sodium aluminosilicate mordenite catalyst 
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prepared in accordance With US. Pat. No. 4,018,514 to Plum 
mer or equivalent in Which the ratio of silica to alumina is 
preferably in the range of from about 15:1 to about 100:1. A 
suitable catalyst is CBV21A available from Zeolyst Interna 
tional, Which has a silica to alumina ratio of about 20:1. 

[0119] In a tubularreactor made of stainless steel, having an 
internal diameter of 30 mm and capable of being raised to a 
controlled temperature, there are arranged 30 ml of 5 Weight 
percent copper on iron oxide catalyst as top layer and 20 ml of 
H-mordenite as a bottom layer. The length of the combined 
catalyst bed after charging Was approximately about 70 mm. 

[0120] A feed liquid Was composed essentially of acetic 
acid. The reaction feed liquid Was evaporated and charged to 
the reactor along With hydrogen and helium as a carrier gas 
With an average combined gas hourly space velocity (GHSV) 
of 2500 hr-1 at a temperature of 3000 C. and pressure of 100 
psig. The feed stream contained a mole percent of acetic acid 
from about 6.1% to about 7.3% and mole percent of hydrogen 
from about 54.3% to about 61.5%. The feed stream Was 
supplied to the hydrogenation catalyst (top) layer ?rst such 
that the stream With hydrogenated acetic acid intermediates 
then contacted the dehydration catalyst layer. A portion of the 
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vapor effluent was passed through a gas chromatograph for 
analysis of the contents of the effluents. The acetic acid con 
version Was 8% and ethylene selectivity Was 18%. 
[0123] Generally speaking, selectivities to ethylene above 
10% or so are highly desirable; it being appreciated that the 
other by-products such as ethanol or ethyl acetate can be 
re-cycled to the reactor along With unreacted acetic acid, 
While still other by-products can be re-processed or used for 
fuel value. Selectivities to CO2 of less than 10% are desired, 
preferably less than 5%. 

COMPARATIVE EXAMPLES 1A-5A 

[0124] These examples illustrate the reaction of acetic acid 
and hydrogen over a variety of catalysts Wherein either no 
ethylene Was formed and/or very loW levels of ethylene Was 
detected. 
[0125] In all of these examples the procedure as set forth in 
Example 1 Was substantially folloWed With the exception of 
using different catalysts as listed in Table 1 .As summarized in 
Table 1, in all of these comparative examples only one single 
layer of catalyst Was used. The reaction temperature and 
selectivity to ethylene are also tabulated in Table 1. 

TABLE 1 

Mol % Mol % 
Reactor H2 Acetic Acid in 

Reactor Temperature in Feed Feed Ethylene 
Bed Catalyst (0 C.) Stream Stream Selectivity 

Single 0.5%—1% 250-3500 C. 54.2% 7.3% 0% 
Layer Pd on 

Carbon 
Single 1% Ru on 250-3500 C. 36.8% 7.3% 0% 
Layer Carbon 
Single 2% Pt on 3500 C. 34.3%—76.5% 4.4%—7.3% 0%—1% 

Layer Fe2O3 
Single 2.58% Pd/ 250-3500 C. 36.8% 7.3% 0%—0.5% 
Layer 5.05% Mo 

on SiO2 
Single 4.79% Cu 4000 C. 35.2% 7.5% 0%—2.25% 
Layer on SiO2 

vapor ef?uent from the reactor Was passed through a gas [0126] In these examples various other products including 
chromatograph for analysis of the contents of the effluents. 
The acetic acid conversion Was 65% and ethylene selectivity 
Was 85%. Selectivity to acetone Was 3%, selectivity to ethyl 
acetate Was 2% and selectivity to ethanol Was 0.6%. Carbon 
dioxide Was relatively loW; the measured selectivity to CO2 of 
the acetic acid converted Was 4%. 

EXAMPLE 2 

[0121] The catalysts utiliZed Were 5 Weight percent copper 
on iron oxide prepared in accordance With the procedure of 
Example A and an H-mordenite Zeolite prepared by replacing 
With hydrogen ions all but 500 ppm based on the Weight of the 
Zeolite of the sodium ions in a sodium aluminosilicate 
mordenite catalyst as noted above in Example 1. 
[0122] The procedure as set forth in Example 1 Was sub 
stantially repeated With an average combined gas hourly 
space velocity (GHSV) of 2500 hr-1 of the feed stream of 
vaporiZed acetic acid, hydrogen and helium at a temperature 
of 3500 C. and pressure of 100 psig. The resulting feed stream 
contained a mole percent of acetic acid of about 7.3% and 
mole percent of hydrogen of about 54.3%. A portion of the 

acetaldehyde, ethanol, ethyl acetate, ethane, carbon monox 
ide, carbon dioxide, methane, isopropanol, acetone and Water 
Were detected. 

[0127] Examples 3-6 illustrate formation of ethylene in a 
single reactor in the Stage 1 of the process of this invention. 

EXAMPLE 3 

[0128] The catalyst utiliZed Was 5 Weight percent copper on 
iron oxide prepared in accordance With the procedure of 
Example A. 
[0129] In a tubular reactor made of stainless steel, having an 
internal diameter of 30 mm and capable of being raised to a 
controlled temperature, there are arranged 50 ml of 5 Weight 
percent copper on iron oxide catalyst. The length of the cata 
lyst bed after charging Was approximately about 70 mm. 
[0130] A feed liquid Was composed essentially of acetic 
acid. The reaction feed liquid Was evaporated and charged to 
the reactor along With hydrogen and helium as a carrier gas 
With an average combined gas hourly space velocity (GHSV) 
of about 2500 hr-1 at a temperature of about 3500 C. and 
pressure of 100 psig. The resulting feed stream contained a 
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mole percent of acetic acid from about 4.4% to about 13.8% 
and the mole percent of hydrogen from about 14% to about 
77%. A portion of the vapor ef?uent Was passed through a gas 
chromatograph for analysis of the contents of the effluents. 
Results appear in Table 2. The selectivity to ethylene Was 16% 
at an acetic acid conversion of 100% 

EXAMPLE 4 

[0131] The catalyst utiliZed Was 5 Weight percent cobalt on 
H-ZSM-5 prepared in accordance With the procedure of 
Example C. 
[0132] The procedure as set forth in Example 3 Was sub 
stantially repeated With an average combined gas hourly 
space velocity (GHSV) of 10,000 hr“1 of the feed stream of 
the vaporized acetic acid, hydrogen and helium at a tempera 
ture of 2500 C. and pressure of 1 bar. A portion of the vapor 
effluent was passed through a gas chromatograph for analysis 
of the contents of the effluents. Results appear in Table 2. The 
acetic acid conversion Was 3% and ethylene selectivity Was 
28%. 

EXAMPLE 5 

[0133] The catalyst utiliZed Was a bimetallic catalyst con 
taining 5 Weight percent cobalt and 5 Weight percent ruthe 
nium supported on silica prepared in accordance With the 
procedure of Example D. 
[0134] The procedure as set forth in Example 1 Was sub 
stantially repeated With an average combined gas hourly 
space velocity (GHSV) of 2500 hr“1 of the feed stream of the 
vaporiZed acetic acid, hydrogen and helium at a temperature 
of 3500 C. and pressure of 1 bar. A portion of the vapor 
effluent was passed through a gas chromatograph for analysis 
of the contents of the effluents. Results appear in Table 2. The 
acetic acid conversion Was 4% and ethylene selectivity Was 
14%. 

EXAMPLE 6 

[0135] The catalyst utiliZed Was 5 Weight percent cobalt 
supported on carbon prepared in accordance With the proce 
dure of Example E. 
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[0137] Generally speaking, selectivities to ethylene above 
10% or so are highly desirable; it being appreciated that the 
other by-products such as ethanol or ethyl acetate can be 

re-cycled to the reactor along With unreacted acetic acid, 
While still other by-products can be re-processed or used for 
fuel value. Selectivities to CO2 of less than 10% are desired, 
preferably 5% or less. 

TABLE 2 

Acetic Acid Conversion and Selectivities 

Ethylene Acetic acid 

selectivity conversion 

Example (%) (%) Other products 

3 16 100 acetaldehyde—31%, ethane-15%, 

ethyl acetate-4%, CO2-5% 
4 29 3 acetaldehyde-S 1%, ethane-28% 

5 14 4 acetaldehyde—78%, ethane-8% 

6 12 2 acetone-8%, methane-47%, 

ethane-5% 

COMPARATIVE EXAMPLES 6A-10A 

[0138] 
and hydrogen over a variety of catalysts Wherein either no 

These examples illustrate the reaction of acetic acid 

ethylene Was formed and/or very loW levels of ethylene Was 

detected. 

[0139] 
Example 3 Was substantially folloWed With the exception of 

In all of these examples the procedure as set forth in 

using different catalysts as listed in Table 3. The reaction 

temperature and selectivity to ethylene are also tabulated in 
Table 3. 

TABLE 3 

Mol % 
Reactor Acetic 

Temperature Mol % Acid In Ethylene 
Catalyst (0 C.) H2 In Feed Feed Selectivity 

0.5%-1% Pd on Carbon 250-350° C. 54.2% 7.3% 0% 
1% Ru on Carbon 250-350° C. 36.8% 7.3% 0% 
2% Pt on Fe2O3 350° C. 34.3%-76.5% 4.4%-7.3% 0%-1% 
2.58% Pd/5.05% Mo on 250-350° C. 36.8% 7.3% 0%-0.5% 

SiO2 
4.79% Cu on SiO2 400° C. 35.2% 7.5% 0%-2.25% 

[0136] The procedure as set forth in Example 1 Was sub 
stantially repeated With an average combined gas hourly 
space velocity (GHSV) of 2500 hr-1 of the feed stream of the 
vaporiZed acetic acid, hydrogen and helium at a temperature 
of 3500 C. and pressure of 1 bar. A portion of the vapor 
effluent was passed through a gas chromatograph for analysis 
of the contents of the effluents. Results appear in Table 2. The 
acetic acid conversion Was 2% and ethylene selectivity Was 
12%. 

[0140] In these examples various other products including 
acetaldehyde, ethanol, ethyl acetate, ethane, carbon monox 
ide, carbon dioxide, methane, isopropanol, acetone and Water 
Were detected. 

EXAMPLE 7 

[0141] The catalyst utiliZed to convert ethylene, acetic acid 
and oxygen to VAM is K, Pd, Au/TiO2 prepared in accordance 
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With the procedure of Example F above. The procedure as set 
forth in Us. Pat. No. 6,852,877 to Zeyss et al. is used to carry 
out stage 2 of the process of the present inventionusing one of 
the feed streams from Examples 1-6, stage 1 of the process of 
the present invention and molecular oxygen in combination 
With stoichiometric amounts of acetic acid. 
[0142] Typical reaction conditions and selectivities for 
stage 2 are as set forth in Table 4 beloW. 

TABLE 4 

Vinyl Acetate Synthesis 

Reaction Results 

Conditions S electivity Space Time Yield 

T [O c.] P [bar] s (VAM) [%] STY [g/(h)] 

15 5 9 98 1000 
160 9 98 105 0 
170 9 96 1000 
160 9 98 135 0 
170 9 97 700 
170 9 98 1300 

EXAMPLE 8 

[0143] A catalyst utiliZed to convert ethylene, oxygen, and 
acetic acid to VAM is Pd/Au prepared in accordance With the 
procedure of Example G above. The procedure as set forth in 
US. Pat. No. 5,691,267 to Nicolau et al. is used to carry out 
stage 2 of the process of the present invention using one of the 
feed streams from Examples 1-6, stage 1 of the process of the 
present invention, and molecular oxygen in combination With 
stoichiometric amounts of acetic acid. 

EXAMPLE 9 

[0144] A catalyst utiliZed to convert ethylene, oxygen, and 
acetic acid to VAM is Pd/Au and boron prepared in accor 
dance With the procedure of Example H above. The procedure 
as set forth in Us. Pat. No. 6,1 14,571 to Abel et al. is used to 
carry out stage 2 of the process of the present invention using 
one of the feed streams from Examples 1-6, stage 1 of the 
process of the present invention, and molecular oxygen in 
combination With stoichiometric amounts of acetic acid. 

EXAMPLE 10 

[0145] A catalyst utiliZed to convert ethylene, oxygen, and 
acetic acid to VAM has metal containing nanoparticles on a 
porous support prepared in accordance With the procedure of 
Example 1 above. The procedure as set forth in Us. Pat. No. 
6,603,038 to Hagemeyer et al. is used to carry out stage 2 of 
the process of the present invention using one of the feed 
streams from Examples 1-6, stage 1 of the process of the 
present invention. 
[0146] While it is knoWn to react acetic acid With ethylene 
in order to produce VAM. It has noW been unexpectedly found 
that ethylene can be made on an industrial scale directly from 
acetic acid With high selectivity and yield. As demonstrated 
from the Examples above, ethylene can be economically 
manufactured cost effectively in order to produce VAM and 
other products made from ethylene. 
[0147] While the invention has been described in detail, 
modi?cations Within the spirit and scope of the invention Will 
be readily apparent to those of skill in the art. In vieW of the 
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foregoing discussion, relevant knowledge in the art and ref 
erences discussed above in connection With the Background 
and Detailed Description, the disclosures of Which are all 
incorporated herein by reference, further description is 
deemed unnecessary. 

1-37. (canceled) 
38. A process for the production of vinyl acetate from 

acetic acid comprising: 
a. contacting in a ?rst reaction Zone a feed stream contain 

ing acetic acid and hydrogen at an elevated temperature 
With a hydrogenation catalyst, Which is effective to 
hydrogenate acetic acid to ethylene, said hydrogenation 
catalyst being selected from the group consisting of 
copper supported on iron oxide, copper-aluminum cata 
lyst, copper-Zinc catalyst, copper-chromium catalyst, 
and nickel catalyst, said ?rst reaction Zone optionally 
including a dehydrating catalyst or a cracking catalyst to 
form a ?rst gaseous product stream comprising ethyl 
ene; 

b. enriching said ?rst gaseous product stream With ethylene 
at least up to 50 percent; 

c. contacting in a second reaction Zone said gaseous prod 
uct stream obtained in step (b) in combination With a 
second feed stream comprising acetic acid and molecu 
lar oxygen in the presence of a catalyst to form a second 
gaseous product stream comprising vinyl acetate; and 

d. separating the vinyl acetate from said second gaseous 
product stream. 

39. The process according to claim 38, Wherein the hydro 
genation catalyst comprises copper supported on iron oxide. 

40. The process according to claim 38, Wherein the dehy 
dration catalyst is selected from the group consisting of 
H-mordenite, ZSM-5, Zeolite X, and Zeolite Y. 

41. The process according to claim 38, Wherein the ?rst 
gaseous product stream is enriched With ethylene at least up to 
80 percent. 

42. The process according to claim 38, Wherein the reac 
tants in step (a) consist of acetic acid and hydrogen With a 
molar ratio in the range of about 100:1 to 1:100, the tempera 
ture of the reaction Zones are in the range of about 250° C. to 
3 50° C., and the pres sure of the reaction Zones are in the range 
of about 1 to 30 atmospheres absolute. 

43. The process according to claim 38, Wherein the reac 
tants in step (a) consist of acetic acid and hydrogen With a 
molar ratio in the range of about 1:20 to 1:2 the temperature 
of the reaction Zones are in the range of about 300° C. to 350° 
C., and the pressure of the reaction Zones are in the range of 
about 1 to 30 atmospheres absolute. 

44. The process according to claim 38, Wherein the hydro 
genation catalyst in step (a) is 5 Weight percent copper on iron 
oxide. 

45. The process according to claim 38, Wherein the hydro 
genation catalyst in step (a) is 5 Weight percent cobalt on 
H-ZSM-5. 

46. The process according to claim 38, Wherein the catalyst 
in step (c) comprises palladium. 

47. The process according to claim 46, Wherein the catalyst 
in step (c) further comprises gold and potassium acetate. 

48. The process according to claim 46, Wherein the palla 
dium is supported on a catalyst support selected from the 
group consisting of silica, alumina, silica-alumina, titania and 
Zirconia. 

49. The process according to claim 38, Wherein the mole 
ratio of ethylene to molecular oxygen is about 4:1 or less. 
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50. The process according to claim 38, wherein in step (c) 
molecular oxygen is added in the form of air. 

51. A process for the production of vinyl acetate from 
acetic acid comprising: 

a. contacting in a ?rst reaction Zone a feed stream contain 
ing acetic acid and hydrogen at an elevated temperature 
With a ?rst catalyst composition containing a hydroge 
nation catalyst Which is effective to hydrogenate acetic 
acid and form an intermediate selected from the group 
consisting of ethylene, ethanol, ethylacetate and mix 
tures thereof to form an intermediate hydrogenated mix 
ture; 

b. reacting said intermediate mixture over a second cata 
lytic composition Which includes a dehydrating catalyst 
and optionally a cracking catalyst in a second reaction 
Zone to form a ?rst gaseous product stream containing 
ethylene, said dehydrating catalyst being effective to 
dehydrate ethanol and thereby form ethanol, said 
optional cracking catalyst being effective to crack ethy 
lacetate and thereby form ethylene and acetic acid, said 
hydrogenation catalyst being catalyst selected from the 
group consisting of copper, cobalt, ruthenium, nickel, 
aluminum, chromium, Zinc, palladium and mixtures 
thereof; 

c. enriching said ?rst gaseous product stream With ethylene 
at least up to 50 percent; 

d. contacting in a third reaction Zone said gaseous product 
stream obtained in step (c) in combination With a second 
feed stream comprising acetic acid and molecular oxy 
gen in the presence of a catalyst to form a second gas 
eous product stream comprising vinyl acetate; and 

e. separating the vinyl acetate from said second gaseous 
product stream. 

52. The process according to claim 51, Wherein the hydro 
genation is carried out over a hydrogenation catalyst compris 
ing copper on a support. 

53. The process according to claim 52, Wherein the support 
is selected from the group consisting of iron oxide, Zeolites, 
silica, alumina, titania, Zirconia, magnesia, calcium silicate, 
carbon, graphite and a mixture thereof. 

54. The process according to claim 51, Wherein the hydro 
genation catalyst is selected from the group consisting of 
copper supported on iron oxide, copper-aluminum catalyst, 
copper-Zinc catalyst, copper-chromium catalyst, cobalt sup 
ported on H-ZSM-5, ruthenium-cobalt supported on silica, 
cobalt supported on carbon, and nickel catalyst. 

55. The process according to claim 51, Wherein the hydro 
genation in step (a) is carried out at a pressure just su?icient 
to overcome the pressure drop across the catalytic bed. 

56. The process according to claim 51, Wherein, in step (a), 
the reactants consist of acetic acid and hydrogen With a molar 
ratio in the range of about 100:1 to 1:100, the temperature of 
the reaction Zones are in the range of about 250° C. to 350° C., 
and the pressure of the reaction Zones are in the range of about 
1 to 30 atmospheres absolute and the contact time of reactants 
and catalyst is in the range of about 0.5 to 100 seconds. 

57. The process according to claim 51, Wherein, in step (a), 
the reactants consist of acetic acid and hydrogen With a molar 
ratio in the range of about 1:20 to 1:2, the temperature of the 
reaction Zones are in the range of about 300° C. to 350° C., 
and the pressure of the reaction Zones are in the range of about 
1 to 30 atmospheres absolute and the contact time of reactants 
and catalyst is in the range of about 0.5 to 100 seconds. 
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58. The process according to claim 51, Wherein said inter 
mediate mixture comprises ethanol and ethyl acetate and said 
second catalytic composition includes a cracking catalyst. 

59. The process according to claim 51, Wherein the catalyst 
in step (d) comprises palladium. 

60. The process according to claim 59, Wherein the catalyst 
in step (d) further comprises gold and potassium acetate. 

61. The process according to claim 59, Wherein the palla 
dium is supported on a catalyst support selected from the 
group consisting of silica, alumina, silica-alumina, titania and 
Zirconia. 

62. The process according to claim 51, Wherein the mole 
ratio of ethylene to molecular oxygen is about 4:1 or less. 

63. The process according to claim 51, Wherein in step (c) 
molecular oxygen is added in the form of air. 

63. A process for the production of vinyl acetate from 
acetic acid comprising: 

a. contacting in a ?rst reaction Zone a feed stream contain 
ing acetic acid and hydrogen at an elevated temperature 
With a ?rst catalyst composition containing a hydroge 
nation catalyst to form a ?rst gaseous product compris 
ing a mixture of ethanol and ethyl acetate; Wherein said 
?rst catalyst composition is selected from copper sup 
ported on iron oxide or copper-aluminum catalyst; 

b. reacting said ?rst gaseous product over a second cata 
lytic composition Which includes a suitable dehydrating 
catalyst and optionally a cracking catalyst in a second 
reaction Zone to form a second gaseous product stream 
containing ethylene; Wherein the dehydration catalyst is 
chosen from H-mordenite, H-ZSM-5, Zeolite X or Zeo 
lite Y; 

c. enriching said second gaseous product stream With eth 
ylene at least up to 50 percent; 

d. contacting in a third reaction Zone said enriched second 
gaseous product stream obtained in step (c) in combina 
tion With a second feed stream comprising acetic acid 
and molecular oxygen in the presence of a supported 
palladium catalyst to form a second gaseous product 
stream comprising vinyl acetate; and 

e. separating the vinyl acetate from said second gaseous 
product stream. 

65. The process according to claim 64, Wherein the hydro 
genation catalyst is copper supported on iron oxide or copper 
aluminum catalyst in Which the copper loading is in the range 
of about 3 Weight percent to about 10 Weight percent. 

66. The process according to claim 64, Wherein the ?rst and 
second reaction Zones comprise respectively a ?rst layer of 
the ?rst catalytic composition and a second layer of the sec 
ond catalytic composition in a ?xed bed. 

67. The process according to claim 64, Wherein the ?rst and 
second reaction Zones are in separate vessels. 

68. The process according to claim 64, Wherein the selec 
tivity to ethylene based on acetic acid consumed is at least 
about 80%. 

69. The process according to claim 64, Wherein the reac 
tants in step (a) consist of acetic acid and hydrogen With a 
molar ratio in the range of about 100:1 to 1:100, the tempera 
ture of the reaction Zones are in the range of about 250° C. to 
3 50° C., and the pres sure of the reaction Zones are in the range 
of about 1 to 30 atmospheres absolute. 

70. The process according to claim 64, Wherein the reac 
tants in step (a) consist of acetic acid and hydrogen With a 
molar ratio in the range of about 1:20 to 1:2 the temperature 
of the reaction Zones are in the range of about 300° C. to 350° 
C., and the pressure of the reaction Zones are in the range of 
about 1 to 30 atmospheres absolute. 
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71. The process according to claim 64, wherein the catalyst 73. The process according to claim 64, Wherein the mole 
in step (d) further comprises gold and potassium acetate. ratio of ethylene to molecular oxygen is about 4:1 or less. 

72. The process according to claim 64, Wherein the palla- 74_ The process according to claim 64, wherein in step (d) 
dium is supported on a catalyst support selected from the molecular Oxygen is added in the form of air, 
group consisting of silica, alumina, silica-alumina, titania and 
Zirconia. * * * * * 


